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SUMMARY

A fatigue failure criterion applicable to composite materials is
developed and applied to predict the fatigue behavior of graphite/epoxy
laminates with particular emphasis on the influence of temperature. Tensile
stress-strain curves and tension-tension fatigue curves for various unidi-
rectional, angle-ply and symmetrically balanced laminates were developed at
test temperatures of 25°C, 74°C and 114°C. In general for most laminates a
reduction in both static strength and fatigue strength is observed with
increasing temperature. This reduction appeared more severe in fatigue
loading than in static temsile loading and most severe where the shear stress
in the lamina ‘is the dominate failure mode. Through an analytical formula-'
tion of shifting functions for the influences of temperature, all fatigue
data are shown to be capable of being reduced to a single reference curve at
some temperature. Additionally, examples are given which demonstrate the
capability of the fatigue failure criterion to predict failure of complex
symmetrically balanced laminates from relevant parameters obtained from the
observed behavior of unidirectional- and angle-ply laminates.

*senior NRC Fellow on sabbatical leave from the Technion-Israel Institute
of Technology, Haifa, Israel.




Introduction

Advanced composite materials are very attractive to the designer of
high performance structures because they offer exceptionally high strength-
to-weight and stiffness-to-weight ratios. Yet many questions concerning
their performance remain to be answered. One of the most important is the
question of the long-term durability under conditions of fatigue loading.
The fatigue behavior of composite materials is complicated not only by the
large number of variables involved in the fatigue process itself but also
by the many variables involved in the construction and fabrication of these
mdterials.

Most of today's design procedures are based upon static strength cri-
teria with little consideration given to the influences of dynamic or fatigue
loading. After a composite structure is designed, that is the number and
orientation of the plies have been established, the composite is tested to
determine the structure's response to dynamic loading. This procedure is
very expensive and time consuming. Thus, a more rational design methodology
must be developed which will allow the designer to initially consider the
long~term response of a composite structure to dynamic loading. The devel-
opment of a reliable fatigue failure criterion would be a significant step

in that direction.

The potential extension of a static failure criterion to conditions of
fatigue loading has been successfully demonstrated (1-3). For the general
case of a static loading state imposed on a laminate, the stress field in
each lamina can be calculated using one of a number of lamination theories
for composites (4). By simple transformation techniques the stresses in each
lamina can be expressed in terms of the principal directions of the lamina.
Once the principal stresses are determined, a static failure criterion is
used to ‘establish potential laminae failures. Static failure criteria include
a number of pgrameters, many of which must be determined experimentally. In
the case of fatigue loading a similar failure criterion can be used (3). The
parameters of the criterion, however, must involve not only static parameters .
but also fatigue functions. These fatigue functions normally express degra-
dation in the strength of a lamina as a function of the number of loading
cycles under a defined loading pattern. If any one of the fatigue conditions
is changed, such as temperature, loading pattern, frequency of cycling or
environment (moisture, radiation, chemical, etc.), both the static parameters
and the fatigue functions may be influenced. The present paper is concerned
with the initial steps in the application of a faillure criterion to the
fatigue behavior of an advanced composite material. Particular emphasis is
placed on the influences of temperature on both the static parameters and
the fatigue functions involved in the criterion and upon how these influences
may be predicted through the development of proper shifting factors.

Background

In a composite material consisting of both fibers and matrix, failure
of a lamina under tension-tension fatigue loading can be expressed (3) in
terms of either fiber failure:

pOAC 2 0,U = oAS(T) £, (R,N,n,T) (1)

or in terms of matrix failure:
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where subscript A indicates fiber direction; subscript p indicates lamina;
superscript ¢ indicates cyclic loading; superscript u indicates critical;
superscript s indicates static; o is stress; T is temperature; R is the ratio
of fatigue minimum load to maximum load; N is the number of applied cycles;

n is the speed or frequency of cycling; f is a fatigue failure function;
subscript m indicates matrix; E is elastic modulus; and 1t is shear stress.

From eqn. (1) fiber failure in a lamina will occur when . op®, the applied
cyclic stress in the fiber .direction equals or exceeds opY, the critical
fatigue strength of the fiber. The critical fiber fatigue strength will be
a function of bhoth op%, a static strength parameter which may be a function
of temperature, and fp, a fatigue function which may be a function of the load
ratio R, the number of applied cycles N, the frequency of cycling n, and tem—
perature T.

For matrix failure, the sum of the squares of the three terms of eqn. (2)
must be equal to or greater than one. The first term of this equation repre-
sents the stress in the matrix material in the fiber direction, and is the
ratio of the applied cyclic stress in the lamina, poAC, to the critical
fatigue strength of the matrix material, om®» times the ratio of the modulus
of the matrix, Ep, to that of the fiber, EA. For the advanced composite mate-
rials considered here, the modulus of the fiber is much greater than that of
the matrix. Therefore, the ratio of the two moduli becomes very small and
the first term of eqn. (2) can be neglecéed. Thus, the failure eriterion of
the matrix becomes:

0TC 2 -[-C 2
P +(2—) 1 (3)
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- where subscript T indicates the transverse direction of the lamina. This

means that sum' of the squares of the ratio of poTC, the transverse stress in
the lamina perpendicular to the fiber direction, to or¥, the transverse crit- |
ical fatigue strength of the matrix and of 1¢, the shear stress in the lamina,
to tY, the critical fatigue shear strength of the matrix, must be greater than
or equal to one. As in eqn. (1), the critical fatigue strengths are the
static strength parameters times the fatigue functions:
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Althoﬂgh interlaminar failure will not be dealt with directly in this paper,
for completeness we will give the failure criterion for interlaminar failure.
Interlaminar failure, which is simply matrix failure between the laminae, can
be expressed as (3):
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where subscript p' indicates interlaminar; subscript z indicates the direction
perpendicular to the plane of the laminae; and subscript d indicates the direc-
tion parallel to the plane of the laminae. Here vozc is the normal stress
perpendicular to the plane of the laminae and 174¢ is the shear stress in

the interlaminar region. Again, the terms 0,U and 14! are the corresponding
critical fatigue strengths given by the static strength parameters times the
fatigue functions:
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The three faiiure criteria developed in eqns. (1), (3) and (4) relate to
the three pessible modes of failure in a laminate~—fiber failure, matrix
failure and interlaminar failure. Failure can of course occur in each mode
separately or in all three modes simultaneously. Optimum design would be the
latter situation. The conditions for failure of any laminate can be examined
by resolving the applied external loads on the laminate into the principal
stresses acting on the laminae. These stresses are then compared to the
critical stress for each failure mode through a knowledge of the respective
static strength parameters and fatigue functions. As we have seen, the
fatigue functions are dependent upon a number of variables. Assuming all
variables are kept constant with the exception of the number of applied
cycles, N, the five fatigue functions (f{ at i = A, T, 1, Z, d) can be deter-
mined experimentally from the S-N (applied cyclic stress versus number of
cycles to failure) curves. In this case the fatigue functions can be written
as;

oi“
£,00) = —5 i=A, T, 1, 2, d , (5)
o3

1f the temperature is changed, there will be a slightly different set of
fatigue functions again determined experimentally from the S-N curves at that
temperature. The temperature dependence of the fatigue functions can then be
expressed by the relationship

£L(N,T) = —— ’ (6)

If the change in the S-N curves with temperature is known to be continuous,
the fatigue functions of eqn. (6) can be written as a set of master functions
given by;
0, %(T)
a (T)f, (N,Tg) = —— (7)
i i s
o3 (T)

where Ty is the reference temperature and aj(T) are the shifting factors with
temperature for the specific principal stresses considered. This general

form of the fatigue functions reduces the number of required functions to

five for the three modes of failure. The exact form of the shifting functions,
aj(T), must be determined experimentally.

For a class of viscoelastic materials called thermorheological simple
materials (5), a relatiomship s known to exist betwecn temperature and the
values of the viscoelastic moduli. This relationship is called the Ww.L. F.
Equation (5) and is valid for polymeric materials near the glass-transition
temperature. It is expressed as

-8.86(T-T )

- 8
log ap = 7616 + 1-1, (8)

where ap is a shift factor which is the ratio of the time to cause a given
change in moduli at some temperature over the time to cause a similar change
at a reference temperature, Tg, expressed in absolute scale (°K). Tor poly-
meric materials in the glassy state this relationship becomes an Arrhenuis-
tvpe functinn having the form

4




SP1: S A
log ay = 2.303R.(T. To) 9)

where AH is the energy of asctivation for the process (being of the range of

10 t0 20 Kcal/mcle) and R is the gas constant. By use of the applicable
equation the time dependent viscoelastic modulus of a material can be
expressed at ary temperature in terms of a shifting factor and its behavior

at a reference temperature. Some investigators have found a similar behavior
for static strength of polymeric materials (6). If this is the case, in a
composite laminate having polymeric materials as the matrix, the influence of
temperature may come about through both its influence on the fatigue functions
as well as its influence on the static strengths.

The principal static strengths in a laminate at any temperature, o045(1),
can be related to the static strengths at a reference temperature, 018(Tg),
by the relationship;

'oiS(T) = aisois(To) (10)

where a;® are simply shifting factors. Substituting eqn. (10) into eqn. (7)
we obtain
OiU(T)
a (M (N,Tg) = ———— (11)
a. 0. (T
ii

which is nothing more than a shifting of the S~N curve;
u _ . s8_s )
o, (T) = a, oi.(To)aifi(N,To) (12)

The interpretation of eqn. (12) in terms of a shifting of the S-N curve is
illustrated in Fig. 1. As can be seen from this figure, the vertical shift -
due to the change in the static strength with temperature is given by a;s
and the rotation of the S-N curve, which is due to the change in fatigue
function with temperature, is given by aj. For a given set of laminae once
the functions ais and aj are determined experimentally, it becomes possible
to construct a fatigue-failure-surface~-a three dimensional surface formed
by stress amplitude, number of cycles to failure, and temperature--for any of
the five principal stresses in the laminae. Additionally, the shifting func-
tions can be used to predict the long~-term fatigue behavior of a composite at
low temperatures from short-term behavior at elevated temperature.

L ]

The total external applied cyclic stress in a laminate, o®, can be
resolved into two stress components-—-a mean stationary stress, oM, and an
alternating stress, 02, The principal stresses in a laminate can be expressed
by the relationship

[0€] = [o™] + [03] (13)

where [ ] denote an array of the stress matrix. For the case of a lamina with
the stress applied in the x directions, eqn. (13) becomes

= o™+ 42 (14)

In addition to external stresses, there can also exist thermal stresses
induced in the laminate due to differences in thermal expansion between the
fibers and the matrix and between the various laminae. For the resin-based

5




S ——

matrix materials considered here, these stresses relax with time, particularly
at the higher temporatures.  In general these stresses will not be considered.

For an elastic material the stresses in any lamina of a laminate will
depend uvpon the elastic moduli of all of the laminae, their orientations,
thicknesses and locations within the laminate. Specifically, for symmetyi~
cally balanced laminates subjected to uniaxial loading, the stress in a
lamina in the direction of loading, x, will be given by the relationship;

-

C X
! - _ - 15
pox ?Exx (prx ﬁvxprxy) (15)

where p and ? denote lamina and laminate, respectively, and prx and PQXy
are the stiffnesses and vy, 1is the poisson's ratio in the x-y directions.
Resolving this stress, pGXC, the principal stresses in a lamina are given by
the relations

c c
= (
oA pkxx % (16a)
o,c = k 1o} ¢ (16b)
p1 PYY P X
£ = x g € (16¢)
P PXYPX
where
2 20
kxv - %“ 1 + sec 26 - (n + sec ZGZtan 2
poxx i l n + tan” 26
2 p'xy ~ Vxy
w11 - esc 20 - (1 - csc ZG;tan 26 o vx - (17a)
n + tan~ 26 prx P VY P Xy XYQ
X _ % ‘ 1 - sec 28 + (u + sec ZG;tan“ 28
P Yy - l n + tan™ 26
vay vxy
- 2 -
+ 11 + csc 20 + L= csc 2e;tan 26 s \)z - (17b)
n + tan~ 28 PXX' PYY P XY XY
*
_ 1 (u + sec 28)tan 26 | (u - csc 28) tan 29
p = 2 n + tan2 26 n + tan2 29
p”xy - vxyi )
Q /0 - v v - (17¢)
plx'pyy  poXy Xy,
- l—EA/ET (18a)
1+2v, + EA/ET
E./G
n = A_A (18b)

1+2vA + EA/ET
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where 9 is the angle between the load axis and the fiber direction in the
tamina.

For the viscoelastic case considering tha mean applied stress and the
alternating applied stress components of the cvelic stress, egqns. (17) and
(18) must be reformulated. For the relationship expressing mean stress, the
elastic moduli must be replaced bv moduli which are time and temperature
dependent. Equations (15), (17) and (18) are rewritten to include the fol-
lowing substitutions;

E E

A? ¢

v v Q b Q g EA(tQF)’ ET(t,T)) VA(t!T)’

T A TA’ Txy’ Txx® “xy

. r!—\\} . 7
CA(6T)s v (6,10, Q, (6,1, Q. (L,T) (19)

For the relationship expressing the applied alternating stress, the elastic
moduli must be replaced by the complex moduli. Fquations (15), (17) and (18)
are rewritten to include the following substitutions;

E E

X Vas GA, V., Q , 0 - EA(iw,T), ET(im,T), vA(iw,T),... (20)

T? Xy xx’ “yy

For fiber reinforced polymeric matrix composites it has been shown (7) that
the moduli in the fiber direction, Ep and v, are not time or temperature
dependent. Consequently, for symmetrically balanced laminates Eps VA, 9Exx

and yvxy will not be time or temperature dependent. All other moduli are
time-and temperature dependent and must be determined experimentally. The
principal stresses to be used in the failure criteria are estahlished through
substitution into eqn. (16a) giving;

m . Com
pPq = prig (61 50

a a
o k.., (iw,T o i,j = x, 21

is the maximum amplitude

m

H(t) Q= AT,

.

il

Here, H(t) is the Heavyside function and (
of the alternating stress from the mean stless

) max

Materials and Procedures

Jhe advanced composite material selected for this study was a graphite/
epoxy system of Union Carbide T300 fibers in a Narmco 5208 matrix. This mate-
rial was chosen because of its extensive use in NASA's Aircraft Energy Effi-
ciency (ACEE) Program (8). The material was fabricated from prepreg tapes by
Lockheed Missiles and Space Co., Sunnyvale, California. Unidirectional lam-
inae panels, angle-ply laminate panels and symmetrically balanced laminate

panels were fabricated from the prepreg tapes. Each panel consisted of eight
layers with an average fiber volume fraction of 65 percent. All test speci-
mens had the dimensions shown in Fig. 2. Specimens were cut from the unidi-
rectional panels in the direction of the fibers and at angles to the fibers
of 10°, 15°, 30°, 45° and 90°. These specimens served to characterize the
properties of the lamina. From the angle-ply panels specimens were cut such
that the long axis of the specimens made angles with the fibers of *15°, #30°,
+45°, £60° and £75°. These specimens served two purposes: (1) to study
interlaminar failure and (2) to compare the strength of laminae containing a
number of small cracks with that observed in unidirectional off-axis specimens
which fail upon the initiation of the first crack. Specimens were cut from
the symmetrically balanced panels such that their major axis lie parallel to




R

one of the fiber directions while the other iiber directions were symmetric
about this direction. These.specimens were defined as [0°,215°,0°]g,
[0°,130%,0%]g, [06°,445°,0°)5, [0°,460°,0%]g, [0°,475°,0°]4 and [0°, £90°,0%],.
These specimens were used as a check on the predictions of the theoretical
analysis on the behavior characreristics observed in the unidirectional, off-
axis specimens and in the angle-ply specimens. Additionally, the symmetri-
cally balanced specimens represent the general type of loading behavior nof a
laminate where the loads in the fiber direction, perpendicular to the fiber
direction and inplane shear can be calculated.

All gpecimens were tested in fatigue under tension~tension cycling, at
R (ratio of minimum applied load to maximum applied load) equal to 0.1, and
at frequencies between 10 and 30 cvcles/sec using an electro-hydraulic,
servo-controlled test system., Tests were conducted under conditions of load
control and both load and strain were monitored during each test. §S-N curves
were developed for each specimen set at three temperatures—-25°C {(77°F), 74°C
(165°F) and 114°C (237°F). Load was applied to the specimens through spe-
cially designed grips which facilitated specimen alignment and load transfer
and supported the specimen sides in an effort to eliminate specimen bending
during deformation. All specimens were soaked at temperature for one hour
prior to testing.

Results and Discussion

Static Behavicr

‘The stress-strain behavior and static strengths of unidirectional off-
axis, angle-ply and symmetrically balanced laminates were measured at three
different temperatures (25°C, 74°C and 114°C). Typical curves observed at
selected temperatures are shown in Figs. 3 through 5. 1In Fig. 3 the typical
stress-strain curves up to fracture are shown for unidirectional laminates
(lamina) having different angles between the applied load and the fibers. It
is seen that neither the strength nor the modulus of the on-axis (0°) speci- -
mens were influenced by temperature. This is typical of fiber-dominated
composite behavior. A slight deviation in the fiber angle of 10° is suffi-
cient to observe matrix dominated behavior and as a result both the strength
and modulus are seen to be influenced by temperature. This temperature
dependence is also seen for the 30° lamina; however, at 90° the strength of
the lamina is so low that the influence of temperature is nearly indistin-
guishable.

The stress-strain curves of angle~ply laminates loaded along the sym-
metrit axis are shown in Fig. 4. Because these laminates behave in a matrix
dominated manner, all specimens showed a temperature influence on both
strength and modulus. The magnitude of the temperature influence appears
different for the two properties and thus, these properties appear to respond
separately to temperature. The failure strength of angle-ply laminates is of
course different from that observed for unidirectional off-axis laminates
(Fig. 3). While the latter failed by the propagation of the first crack
through the matrix, across the specimen, the former failed after the accumu-
lation of a great number of cracke resulting in a much higher failure strength.
Finally, it is interesting to note the form of the stress-strain curves for
the [+15°]9g laminate. This angle-ply laminate has a very low inplane shear
stress and transverse stress and thus, the curves are essentially linear.

The laminate finally failed by delamination as the result of interlaminar
stresses before the nonlinearity of the inplane shear could be observed.

Stress-strain curves of the symmetrically balanced laminates loaded in
the direction of the symmetric axis are shown in Fig. 5. As these laminates
have one half of their fibers in the direction of loading, the influence of
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temperature on the moduli is seen to be negligible. The strengths of these
laminates are, however, influenced significantly by temperature. DBecause
one half of the [ibers are symmetric about the loading axis, the first crack
does not propagate to failure but instead a number of cracks are initiated
prior to laminate failure. Additionally, it is interesting to note that
laminates having laminae oriented at high angles (60°, 75° and 90°) exhibit
essentially identical behavior, suggesting that these laminae contribute
little or nothing to the overall strength of the laminate.

The static strength parameters, OTS and 15, have been calculated from
the data obtained on unidirectional laminates (Fig. 3) and angle-ply laminates
(Fig. 4) and are shown in Table I. For unidirectional laminates these param-
eters were calculated using the static form of eqn. (3) where the fatigue
functions, fr and f;, are equal to one and the applied stress is the static
stress rather than the cyclic stress. For the angle-ply laminates eqn. (3)
was used in a similar manner with the stress in the laminae resolved using
the static forms of eqns. (16) through (18). From the data on unidirectional
laminates both the transverse tension and shear strength parameters were
reduced by approximately 19 percent with increasing temperature from 25°C to
114°C. From the data on angle-ply laminates the strength parameters are seen
in Table I to be greater than those observed for the unidirectional off-axis
laminates. Additionally, an 18 percent reduction in the transverse strength
and a 24 percent reduction in the shear strength is seen to occur upon
increasing the temperature from 25°C to 114°C. As discussed previously, the
lower values of the strength parameters for unidirectional, off-axis laminates
is the result of the first crack initiating in the weakest portion of the lam-
inate and propagating to failure. Obviously, the parameters determined using
unidirectional data are conservative.

Table I. Static Strength Parameters

Static Strength, oS [MPa]

T(°C) 25 74 114
OA 1510 1510 1510
T 74 65 56
O 44 40 36

Fatigue Behavior

*

The tension-tension (R=0.1) fatigue behavior of unidirectional, angle-
ply and symmetrically balanced laminates were studied in an effort to estab-
lish the influences of temperature and to verify the application of the
relevant failure criterion. The observed fatigue behavior of unidirectional
laminates is shown in Figs. 6 and 7. As with static strength behavior, uni-
directional laminae loaded in the fiber direction exhibit a high fatigue
strength which is relatively independent of the number of applied cycles
(Fig. 6). The influence of temperature on the fatigue properties of this
lamina was not investigated because it has been shown (Fig. 3) that its
mechanical properties are essentially independent of temperature. The typi-
cal fatigue behavior of unidirectional, off-axis specimens tested at 25°C and
114°C is shown in Fig. 7. As can be seen, the data for these laminae exhibit
significant scatter. This is most probably the result of the first crack
propagating to failure as discussed earlier for the static failure of these
laminates. Both temperature and of f-axis angle are seen in Fig. 7 to have a
significant influence on the fatigue strength of these laminates--increasing
both the temperature and off-axis angle lowers the fatigue strength substan-
tially. 9
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The results of fatigue tests conducted on augle-piy laminalus &b Liivec
temperatures are shown in Figs. 8 and 9. As can be seen from these flgures,
both fiber anglc and temperature have significant influences on the fatigue
curves. In general the fatigue strength decreases with increasing fiber
angle and increasing temperature. An anomaly appears to exist for the #60°
and +75° angle-ply laminates where there is little or no difference between
the data at 74°C and 114°C. Although there is much less scatter in the data
for angle-ply laminates compared with the results obtained on unidirectional
laminates, it is still difficult to determine whether this apparent anomaly
is the result of data scatter or is in fact the result of a nonlinear tem-
perature dependence.

The three fatigue functions--fa, fr, fr--calculated from the slopes of
the S-N curves (Figs. 6 through 9) using eqn. (5) are listed in Table II. It
now becomes possible to formulate to a first approximation shifting factors
using the parameters tabulated in Tables I and II. From the static strength
data the static strength shifting parameter, aiS, can be approximated by the
simple ratio of temperatures, Tg/T. Thus, to a first approximation we may
write; '

T, TO

TE TR Op = OTO L3 (22)

where T and oy, are the static strength parameters at some reference temper-
ature, Tg. The fatigue functions can also be shifted through the use of

eqn. (7) to yield

h
it

aT(T)(CTO - bTo log N)

fT = aT(T)(CTO - bTO log N) » (23)

where the subscript "0" represents values at some reference temperature.
Combining eqns. (22) and (23), we obtain the overall fatigue shifting rela-
tionships;

T

u _ s O

TS Ty T aT(T)(CTO - bTo log N)
0.0 =0 s Do (T)(C., - b,, log N) (24)
T T T °T T, ~ T, 08

These equations have the general form of eqn. (12) where to a first approxi-
matiop the shifting factor a$ is given by the ratio of temperatures, To/T.
Using the experimentally determined parameters of Tables I and II and

eqns. (24) and taking 25°C (298°K) as the reference temperature, the temper-
ature dependence of the shifting factors, ag and ar, are shown in Fig. 10.
Although the data is sparce, the temperature dependence of at appears to be
essentially linear and a; appears to be hyperbolic with the shear strength
far more strongly influenced by temperature than the transverse tension

strength.
Table ITI. Fatigue Functions
Fatigue Functions, f{
T(°C) 25 14 114
OA 1-0.033 log N 1-0.033 log N 1-0.033 log N
T 1.1-0.081 log N 1.15-0.086 log N 1.3-0.092 log N

o 1.12-0.0897 log N 1.13-0.0901 log N 1.14-0.0904 log N
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Although interlaminar failure has not been dealt with extensively in
the above analysis, the #15° angle-ply laminate was observed to exhibit
interlaminar failurc. Because such failures have received considerable
attenticn in recent years, it is believed worthwhile to consider briefly
this form of failure. From the stress-strain curve (Fig. 4) for the
t15° angle-ply laminate, the applied static strength is seen to be:

0115°s = 686 MPa

Assuming the ratios between the applied external stress and the interlaminar
stresses, rds and ¢,%, are constant; ’ ’ ’

S S
d 9 *0%;gs5e

the fatigue function for this laminate can be formulated and given by:

£; = 1.08~0.1007 log N

Some Failure Predictions

The failure criteria, analysis and experimentally determined static and
fatigue parameters determined above can be used to predict the failure of
the more complex and more useful symmetrically balanced laminates. Examples
considered here will be the [0°,£15°,0%]g, [0°,+30°,0°]4 and the [0°,+90°,0°]
laminates. First we will consider the static strengths. For the [0°,+15°,0°
laminate the static strength (Fig. 5) is much greater than that observed for
the angle-ply laminate (Fig. 4) where failure occurred by delamination. The
stress field in this symmetrically balanced laminate is much different than
.that in the angle-ply laminate and failure is in fact predicted by the 0°
laminae alone (Fig. 3). For the [0°, #30°,0°]5 laminate, failure is predicted
to occur first in the #30° laminae at 713 MPa as a result of inplane shear.
This is the approximate stress where the first crack was observed (Fig. 5).
With failure of these laminae the constraint of the 0° laminae no longer
applies, the shear stress field is changed and total failure will occur by
inplane shear at 919 MPa--in fair agreement with what was observed (Fig. 5).
For the [0°,%#90°,0°]4 laminate, the *90° laminae do not contribute to the
strength of the laminate (Fig. 5) and failure is predicted by the 0° laminae
alone (Fig. 3).

S
Is

The predictions of the fatigue behavior of the symmetrically balanced
laminates together with the experimentally observed behavior are summarized
in Fig. 11. As can be seen, failure of the [0°,+15°,0°]g laminate is pre-
dicted with quite good agreement to occur by delamination and is based upon
the parameters observed for the delamination of the #15° angle-ply laminate.
Fatigue failure of the [0°, +30°,0°]; laminate is seen to be reasonably pre-
dicted to occur by inplane shear. And failure of the [0°,%90°,0°]g laminate
is predicted to occur by fatigue failure of the fibers in the 0° laminae.

Conclusions

The fatigue behavior of a graphite/epoxy composite material was analyzed
theoretically and experimentally, with the temperature as a parameter. A
rationale was introduced which included the influence of the temperature on
the static strength and the fatigue functions. The fatigue functions describe
the degradation of the principal strengths with cycles. Introducing tempera-
ture dependent shifting factors enables one to characterize the fatigue
behavior with a single curve or formula. It was found that for many lami-
nate configurations, use of the laminated plate theory together with the
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fatigue behavior theory introduced here, gave satisfactory results. For
some laminates, where the inplane shear is very high, nonlinear relations
must be used. It was also found that the inplane shear is most influenced
by the temperature; the transverse tension is less influenced and tension in
the fiber direction is not influenced at all. Another important finding is
that even though some angle-ply laminates failed by delamination, when they
were reinforced with uniaxial laminae, delamination did not occur even when
the strain was higher than the critical value.

. The theory and experiments presented here could be used to extend the
fatigue behavior prediction to a high number of cycles from results at a low
number of cycles and elevated temperature.
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